Reducing the phonon thermal conductivity of electrically conducting polymers can facilitate their use as potential thermoelectric materials. Thus, the influence of the coupling between the longitudinal and transverse phonon modes on overall thermal conductivity is explored for binary mixtures of polyaniline (PANI) and polyacetylene (PA) chains by considering various geometric polymer mixture configurations. The molecular simulations reveal that an increase in the interfacial area available for transverse interactions between dissimilar chains enhances atomic interactions that are orthogonal to the heat transfer direction. As transverse collisions between PA and PANI chains are enhanced, the motion of longitudinal phonons is disrupted, impeding thermal transport. This enhances phonon scattering and reduces longitudinal thermal transport. While there is a nonlinear decrease in the phonon thermal conductivity with increasing interfacial contact area, there is a corresponding linear growth in the nonbonded interaction energies between the different polymers. V C 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4776676] Electrically conducting (EC) polymers such as polyacetylene (PA) and polyaniline (PANI) conduct electric current by moving delocalized electrons 1 associated with the sp 2 hybridized carbon atoms of the polymer chain backbone. This feature, coupled with their low thermal conductivity j, makes them suitable for potential thermoelectric applications. 2, 3 The performance of a thermoelectric material is evaluated through its figure of merit ZT that is inversely proportional to j. Strategies to manipulate j facilitate the on demand tuning of ZT. Since electronic motion in EC polymers is different from the free electron drift observed in metals, energy, and charge transport through PANI and PA are only weakly correlated. 2, 4 Atomic vibrations (phonons) and interatomic collisions are the major thermal energy carriers in these polymers. Hence, by reducing the phonon contribution to the thermal conductivity j p , j can be lowered considerably, which in turn enhances ZT.
While various strategies have been investigated to increase j p , 5-7 only a few studies have considered possibilities for its reduction. 8, 9 Unlike crystalline materials, polymer chains exhibit nonlinear anharmonic bonded interactions 8 so that phonon transport through them is strongly dependent on the orientations of their backbone relative to the direction of heat transfer. 6, 9 Polymer chains that are more aligned along this direction offer a smaller resistance to phonon transport. Destroying such an ordered orientation by imposing mechanical strain or mixing dissimilar polymers increases phonon scattering and atomic collisions, and limits the phonon mean free paths, all of which reduce j p . 9 Longitudinal phonon transport is coupled with transport in the transverse direction. 10 In this Letter, we investigate the effect of this coupling in EC polymers and explore its applicability for reducing j p . We contend that enhancing transverse phonon scattering across an interface that is placed parallel to the longitudinal direction of heat transfer should impede transport in this direction, lowering j p . Various binary PANI-PA polymer mixtures in various geometric configurations are selected to validate this hypothesis using atomistic simulations. Although it is understood how interfacial thermal resistance reduces j p in superlattice nanostructures, 11 discussions of the influence of transverse phonon scattering on j p are absent from the literature.
Nonequilibrium molecular dynamics (NEMD) simulations are employed to determine the thermal conductivity of the PANI-PA configurations using LAMMPS. 12 The term interfacial area S denotes the contact area between PANI and PA molecules. Four differently ordered PANI-PA binary polymer combinations are created. These have dissimilar S but the same 1:1 mixture ratio for the numbers of PANI-PA polymer chains. Combinations containing a random distribution of PANI and PA chains as well as those with pure polymers (or 1:0 and 0:1 mixture ratios) are also prepared. Each configuration has a cuboidal geometry of DX nm ÂDY nmÂDZ nm consisting of 64 chains of each of PANI and PA. The geometrical details of these structures, including the values of DX, DY, and DZ for each configuration, are available in the supplementary material. 13 The volume V ¼ DXDYDZ for all configurations at a specific temperature is comparable (with variation of $1% from the mean value). Each polymer chain containing 24 carbon atoms is constructed as a linearly stretched entity that is aligned along the longitudinal direction of heat transfer x. The structures are generated with Xenoview. 14 The parameters for the PCFF (polymer consistent force field) that describe the bonded and nonbonded interactions for these EC polymers are obtained from the literature. 14, 15 Details of the forcefield functions are described elsewhere. 9, 16 For all simulations, periodic boundary conditions are imposed along all three coordinate directions. The VMD package 17 is used to visualize the simulated structures.
First, energy minimization is performed for each configuration using the conjugate gradient technique. 12 The details of the convergence of energy minimization are provided in the supplementary material. 13 The minimized structure is then initialized at the simulation temperature (150, 200, 250, 300, 350, and 400 K for the different cases). This is followed by a two-step process where the configuration is: (1) first heated for 0.1 nanoseconds (ns) to a temperature much higher than the polymer glass transition temperature T g , i.e., from T ¼ 300 K to T ¼ 700 K (for PANI, T g ¼ 493 K, for PA, T g ¼ 473 K), and (2) then cooled back to 300 K over 0.1 ns under a canonical (NVT) ensemble using a Langevin thermostat with a coupling time of 0.1 picoseconds (ps). This annealing and tempering relaxes the molecules and removes bond symmetries that could have been artifacts of polymer construction. Next, the configuration is equilibrated under an isothermal-isobaric ensemble (NPT) with T ¼ 300 K and P ¼ 1 atm. where the pressure is controlled by Nos e-Hoover barostat with a coupling time of 1 ps, followed by simulations under the NVT and NVE ensembles, each for 0.2 ns, respectively. Upon equilibration, the configuration relaxes to its appropriate mixture density. All simulations use a timestep of 0.001 ps.
The longitudinal j p is obtained by implementing the reverse NEMD technique. 18 Along the x-wise direction, the exchange of kinetic energies between the coldest atoms in a 0.8950 (x) Å Â 43.16 (y) Å Â 36.99 (z) Å region, which serves as a heat source in the middle of the domain, with the hottest atoms at the two corresponding x-wise boundary regions (that serve as heat sinks with half the thickness of the heat source) provides the heat flux. Figure 1 schemati-cally illustrates the direction of heat transfer and shows the steady state temperature distribution along x direction of the polymer configuration 1. After the heat transfer reaches steady state, the temperature distribution is sampled over data recorded every 100 ps during the last 1 ns of the 5 ns long NEMD simulations. Temperature gradients are calculated from the linear portions of the temperature distribution for all the recorded data, and a steady state value is obtained from a temporal average over these gradients. The net steady state heat flux transferred from the heat source to the sinks is also determined from a temporal average. Finally, j p is calculated using Fourier's heat conduction law. 19 We use j pn to denote the value of j p normalized with respect to j p PANI at the corresponding temperature. At room temperature (300 K), j p PANI is 0.135 Wm À1 K À1 , a value that is obtained by simulating only PANI chains contained in the reference cuboid. Likewise, we calculate j p PA ¼ 0.088 Wm À1 K À1 at T ¼ 300 K. For each binary mixture, S (and surface area to volume ratio S/V) is obtained by examining the cross section (in y-z plane) of the domain taken at the lower boundary of x-axis and multiplying the length of the interface by the domain length along x-wise direction. As described in the supplementary material, 13 we use an image analysis scheme to identify visually ill-defined contact regions. For a given chain ratio, the random distribution provides the largest S. Figure 2 shows the variation of j pn with respect to PANI-PA interfacial area at T ¼ 300 K for identical (1:1) chain ratios. As S/V increases, j pn decreases. While a typical mixture rule predicts a single value of j p , 9, 20 it is instead evident from Fig. 2 that the thermal transport and the conductivity also depend upon the polymer mixture configurations and the magnitudes of their interfacial contact areas. Different configurations alter the magnitude of the transverse interactions between the PANI and PA chains. Increasing the interfacial contact area between these two chains increases with the interfacial contact area per unit volume (S/V) between PANI-PA chains at T ¼ 300 K. The different markers correspond to the binary PANI-PA configurations whose cross sectional configurations are schematically illustrated in the figure legend. Each such schematic reflects the cross sectional (yz plane) view of the binary mixture, perpendicular to the direction (x) of heat transfer, where black represents PANI, white PA, and R a random distribution of PANI and PA. Error bars denote the standard error in j p calculated from ten spatially averaged temperature profiles at intervals of 0.1 ns over the last 1 ns of the simulation and normalized with respect to j p PANI . An empirical fit that asymptotically reaches a limiting value of j pn shows that j pn À j pn;random / S V À Á À2:852 .
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phonon scattering through enhanced atomic collisions. This reduces j p for the ordered polymer mixture from that of the pure material j p PANI so that j pn < 1. Thus, stronger interfacial interactions lead to smaller j pn , which reveal that the higher energy losses due to transverse phonon interactions (or scattering) impede longitudinal thermal transport. The higher transverse scattering decreases the phonon mean free paths, thereby lowering longitudinal j p . This validates our conjecture that there is a mode coupling between phonons along the transverse and longitudinal directions even for noncrystalline polymer configurations. Since S/V increases with diminishing length scale, the effects of these transverse interactions become more pronounced at the nanoscale.
Empirically, we find
This fit reaches an asymptotic value for j pn , implying that beyond a certain threshold interfacial area (provided by a random mixing of polymers), j p cannot be lowered any further through polymer mixing. It follows from Eq. (1) that j pn À j pn;random / S V À Á À2:852 .
For amorphous polymers, the dependence of j on temperature is different below and above the glass transition temperature. 21 Below T g , the thermal conductivity increases with temperature due to the reduction in polymer chain entanglement that lowers energy scattering at chain bends. Close to T g or above it, chain mobility increases as the polymers undergo large movements, thereby creating voids that scatter phonons and lower j. The thermal conductivities of PANI and PA also increase below T g with increasing temperature because of enhanced specific heat. 22, 23 Figure 3 presents the variation of j pn and j p PANI for configurations 1 and 4, described in the supplementary material, 13 at different temperatures. j p PANI increases with temperature up to 300 K and then slightly decreases close to T g (493 K), suggesting an increase in phonon scattering from emerging defects in form of voids. In contrast, j pn for configuration 1 decreases continually with increasing T, implying that interfacial interatomic interactions and collisions increase at higher temperatures. However, for the relatively more complex mixture configuration 4 that has larger S, j p does not vary as significantly with temperature. Thus, we conjecture that the reduction in j p due to transverse phonon scattering is characteristic of a simple ordered mixture configuration and relatively small S. Figure 4 shows the temperature dependent variation of j pn for the different binary mixture configurations as a function of S/V. For each configuration, both S and V increase by small amounts with temperature due to thermal expansion although the ratio S/V remains relatively unaltered (and lies within 2% for a particular configuration). For a specified temperature, j pn typically decreases with increasing S/V. While for configuration 1, j pn steadily decreases with increasing temperature in accord with Fig. 3 , more complex mixing configurations with larger S and enhanced transverse phonon interactions do not exhibit an as organized temperature dependence for j pn .
We evaluate the interaction energies between the two different polymers for each configuration. The interaction energies of PANI molecules with the PA chains consist of van der Waals and Coulombic energy components. Since the volumes of the different configurations are comparable, Fig. 5 shows that the interaction energies increase with increasing S. The reduction in j pn with increases in S occurs due to the growth in the locations across, which different polymers are able to interact and subsequently scatter the energy transported by phonons and atomic collisions. While j pn is nonlinearly correlated with S/V as shown in Fig. 2 , the interaction energies demonstrate a linear relationship with S/V.
Longitudinal thermal transport occurs due to delocalized phonons traveling along the x-direction as well the energy carried by atomic collisions along the same direction. Increasing S increases transverse interatomic and polymer interactions. These raise the potential energies associated with the van der Waals and Coulombic components, displacing phonons from their longitudinal trajectories, scattering their energies, and reducing j p . Thus, the greater the magnitude of the interaction energies between the PANI and PA FIG. 3 . The evolution of j pn for configurations 1 and 4 and j p PANI as a function of temperature. Here, j p PANI is the thermal conductivity of a configuration with only PANI chains. Error bars are determined as described in Fig. 2 . For j pn , error bars at different temperatures are normalized with respect to j p PANI at the corresponding temperature, whereas for j p PANI , they are in units of Wm À1 K À1 .
FIG. 4. The variation of j pn as a function of S/V between PANI-PA for different temperatures. The value at a specific temperature is obtained by normalizing j p with respect to j p PANI at that temperature. Different colors represent the various temperatures while different markers denote the various mixture configurations similar to Fig. 2 . The S/V values for a particular configuration, although comparable at different temperatures, are not equal because of small temperature dependent changes in S and V. Consequently, data points for the same configuration are not exactly vertically aligned. chains, the stronger is the impedance to phonon motion along the heat transfer direction (and the lower j p is).
In summary, the influence of transverse polymer interactions and interatomic collisions on the longitudinal heat transfer in binary mixtures of PANI and PA chains is investigated. Interfaces that lie parallel to the heat transfer direction reduce phonon thermal conductivity due to transverse phonon scattering. The intrinsic coupling of longitudinal and transverse vibrational modes in these polymers impedes longitudinal thermal transport. j pn has a nonlinear relationship with S/V. For simple mixing configurations that generate interfaces with relatively smaller interfacial areas, the enhancement of transverse phonon scattering with increasing temperature further reduces j p although such a temperature dependent trend does not hold for more complex configurations with larger interfacial areas. The underlying reason for the j p dependence on S/V is illustrated by the linear increase in the intermolecular interaction energies between the two sets of polymer chains with increasing S. The enhancement in the interaction energies is due to the increase in transverse polymer interactions and atomic collisions that perturb the longitudinal phonon paths, thereby impeding heat transfer and lowering j p . Such a polymer mixing approach that lowers j p and increases ZT could facilitate the employment of PANI and PA for potential soft-thermoelectric applications requiring high thermal resistance. S.P. thanks the Virginia Tech Department of Engineering Science and Mechanics for the use of their Linux Computing Cluster (LCC).
